Discharge plasmas in air can be accompanied by ultraviolet (UV) radiation and electron impact, which can produce large numbers of reactive species such as hydroxyl radical (OH·), oxygen radical (O·), ozone (O 3 ), and nitrogen oxides (NO x ), etc. The composition and dosage of reactive species usually play an important role in the case of volatile organic compounds (VOCs) treatment with the discharge plasmas. In this paper, we propose a volume discharge setup used to purify formaldehyde in air, which is configured by a plate-to-plate dielectric barrier discharge (DBD) channel and excited by an AC high voltage source. The results show that the relative spectral-intensity from DBD cell without formaldehyde is stronger than the case with formaldehyde. The energy efficiency ratios (EERs) of both oxides yield and formaldehyde removal can be regulated by the gas flow velocity in DBD channel, and the most desirable processing effect is the gas flow velocity within the range from 2.50 to 3.33 m s −1
Introduction
In recent years, the environmental applications of discharge plasmas are the frontiers of science, which becomes a hot issue [1] [2] [3] [4] [5] . As one of the advanced oxidation processes (AOPs), discharge plasma has more significant features with higher efficiency and faster speed than the processes of absorption and biodegradation [5] [6] [7] [8] . Further, atmospheric pressure plasmas (APPs) can be generated by high voltage discharge with the condition under an atmospheric pressure or higher, which eliminated a lot of expensive vacuum equipment, and brought more economic and application value. So APPs have good application prospects in many areas including air purification, water treatment, ozone synthesis, surface treatment, biomedicine, material modification, and so on [1] [2] [3] [4] [5] [9] [10] [11] [12] [13] [14] . Discharge plasmas in air accompany ultraviolet (UV) radiation and electron impact, which can generate a large number of reactive species such as hydroxyl radicals (OH·), oxygen radical (O·), nitrogen oxides (NO x ), ozone (O 3 ), as well as other substances. The reactive species of OH· and O· radicals are very important in environmental applications of plasmas [1, 3, 5, [9] [10] [11] .
The combined burden of the three types of environmental pollution (water, air, and soil pollution) was estimated to be 16% of total global mortality in 2015 [15] , and approximately 8% of global total mortality and 4% of global disabilityadjusted life-years were attributed to air pollution [16] . In modern urban areas, most people spend over 70% of their indoor time either at home or at their workplace [17] . Human health is seriously damaged by indoor volatile organic compounds (VOCs) because most of them are toxic, mutagenic, and carcinogenic [18] . The harm of VOCs is the potential threats to the public health. As a major component of VOCs, formaldehyde (HCHO) is the main source of indoor air pollution, the World Health Organization (WHO) has begun in 1983 to treat formaldehyde as an indoor pollutant, and confirmed the guide line value for formaldehyde as 0.1 mg m −3 (0.08 ppm) in the year 2010 [19] . Indoor formaldehyde is from construction materials (such as particleboard, fiberboard, plywood, and foam insulators), clothing, and it is also an intermediate of the photo-catalytic oxidation reaction of other VOCs [20, 21] . Some researchers have reported indoor formaldehyde concentrations for 39 cities in China [22] , the statistical average of formaldehyde concentrations in 82% of these cities have exceeded the safety standards recommended by the WHO (exceeding 0.08 ppm) [19] . Other investigators compared with the USA population, the mortality from cancers for exposed to formaldehyde was significantly higher than the ones non-exposed to formaldehyde (standardized mortality ratios = 0.91 and 0.78, respectively) [23] . Therefore, the study of formaldehyde degradation has captured the interest of the scientific community. In recent years, great efforts have been made to develop efficient VOCs abatement techniques, such as AOPs, condensation, biological degradation, and adsorption, among which AOPs using discharge plasma as a VOCs removal technique is recognized as one of the best control strategy with fast, economical, promising, and no secondary pollution [24] [25] [26] . Now, volume diffuse discharges in various gases at increased pressures are much studied and used in various fields of science and technology [27] .
As one type of many APPs, dielectric barrier discharge (DBD) can produce non-equilibrium plasma, and it has many advantages including with large volume, relatively homogeneousness, and high energy density [1, 3, [28] [29] [30] [31] . Hence, DBD plasmas have many advantages for the treatment of formaldehyde and other VOCs. Photocatalytic oxidation of VOCs by using UV radiation, O 3 , and NO x have been examined by using discharge plasmas [3, 5, 21, 22, 25] . Combining discharge plasmas with catalysts are the most popular methods for removal of formaldehyde and other VOCs [25, 26, 28] . One of the examples is adding photoactive titanium dioxide (TiO 2 ), the exposed fraction of TiO 2 on the structure is a key factor for formaldehyde elimination, and the hybrid materials can improve formaldehyde photo oxidation rate compared to bare TiO 2 [32] .
Moreover, when the discharge plasma is used in indoor air purification, it is desirable for obtaining more efficiency of both the yield and utilization of O· and O 3 during the processing process. It is the less the better for O 3 and NO x , which is leaked out or exhausted from the device and pollute the environment. Ozone removal or it conversion to O·, which can be enhanced by using anatase TiO 2 [33] , palladium loading on the activated carbon fiber (Pd/ACFs) [34] , palladium or cerium modification for manganese dioxide (MnO 2 ) catalysts [35] , and nanostructured proton-containing δ-MnO 2 catalyst [36] . Further, NO x removal can be enhanced by the method including biological removal [37] , nanostructured catalysts and chemical reaction (i.e., 2NO 2 + 2NaOH = NaNO 2 + NaNO 3 + H 2 O, or NO 2 -+ NO + 2NaOH = 2NaNO 2 + H 2 O) [38] . The yield characteristics of oxides (O 3 and NO x ) would be regulated by the gas flow velocity, and the applied electrical parameters of DBD reactor. Hence, the regulation characteristics of oxides generation and VOCs removal by using DBD plasma need to be examined under different gas flow velocities, applied voltages, and power densities. The overarching goal of this work is to provide a reference of research developments for DBD treated formaldehyde as well as the key factors regulating the removal processes. So, a non-equilibrium plasma processing system is established by means of plate-to-plate DBD reactor and excited by multiple pulse high voltage source. The yield of oxides (O 3 and NO 2 ) and the removal of formaldehyde were examined under different regulation conditions, such as the flow velocity of gas containing formaldehyde, initial formaldehyde concentration, and applied power density of discharge reactor. Meanwhile, the energy efficiency ratios (EERs) of both oxides yield and formaldehyde removal are tested under both of different gas flow velocities and discharge parameters to verify the reaction efficiency of the present system.
Experimental setup and method

Apparatus
Figure 1(a) shows the schematic chart of the experimental setup, which consist of a self-designed DBD chamber, high voltage source, programmable AC/DC power source, gas source, gas-washing bottle, flow control valves, and a series of testing equipments. In order to generate the gas flow with formaldehyde, the compressed air (gas source) is divided into two paths by valve A and B, and the gas flow from valve B is injected into a gas washing bottle loaded the analytical reagent (AR) formaldehyde (CH 2 O) solution (ANFENG, containing formaldehyde 37.0%-40.0%, and methanol (CH 3 OH) 8.0%-14.0% used to prevent polymerization). The gas flow is mixed in a pipe and injected into the DBD chamber, which is from both of the outlet of gas washing bottle and the valve A. The formaldehyde concentration and gas flow rate can be simultaneously adjusted by the valves A and B. The volume flow rate of gas is measured by a gas flow meter (SIARGO, MF5712).
In this study, there is a linear relationship between the input voltage and the applied voltage loaded on the DBD chamber excited by an AC high voltage (Corona Lab., PG-3000). In order to obtain the adjustable, clean and stable properties for supplying to PG-3000, a programmable AC/ DC power source (GW Instek, GPK-2302) is employed to adjust the input voltage and applied voltage of the DBD system. The main technical parameters of GPK-2302 are as follows, the voltage setting range is AC 0.0-310.0 V (resolution is 0.1 V), the power capacity is 3.0 kVA, the frequency setting range is 40-550 Hz (AC mode, the frequency is 50.0 Hz in this study). Moreover, the electrical characteristics would be differences under different applied voltages, discharge currents, and applied energies. Hence, we employ a series of test devices to examine the electrical characteristics of DBD cell. These test devices include a digital storage oscilloscope (Tektronix, MDO3054), high voltage probe (Tektronix, P6015A), and Rogowski current probe (Pintech, PT-7802). The optical emission spectrometry (OES) is used for detecting spectra emission intensities of active species, such as OH·, O· and NO in discharge gap of DBD via a deep UV spectrometer (Ocean Optics, Maya2000 Pro., the resolution with 0.2 nm). The concentrations of CH 2 −2 l) is formed, and the gas required to be processed could pass through the discharge channel. Furthermore, a gas exhaust pipe is connected to the end of the discharge channel, and the probes of the spectrometer, formaldehyde detector, ozone detector and nitrogen dioxide are inserted into it to get experimental data. Additionally, the total applied energy loaded on the DBD cell is obtained by voltage-charge Lissajous figure [39] . The applied power density can be kept with the adjustments of both the number of applied voltage cycles and the value of applied voltage loaded on the DBD cell. Further, the number of applied voltage cycles in a power density modulation (PDM) period can be added or reduced by changing the power adjustment buttons of the high voltage generator PG-3000, and the applied voltage loaded on the DBD cell can be adjusted by the programmable AC/DC power source GPK-2302. In this study, the voltage setting range of CPK-2302 for supplied to PG 3000 is AC 180.0-245.0 V and 50.0 Hz (corresponding to the applied voltage loaded on the DBD cell is about 20.0-26.0 kV). 
Analysis methods
In this study, many physical regulation parameters such as the gas flow velocity, the applied voltage and applied power loaded on the DBD reactor would affect the characteristics of the oxides generation and the formaldehyde removal. It is an important issue to obtain the optimal regulation parameters of oxides generation and formaldehyde removal. Hence, the degradation efficiency of the formaldehyde, the yield of oxides (O 3 and NO 2 ) need to be evaluated by these regulation parameters.
The gas flow velocity in the discharge channel can be calculated by the gas flow rate and cross-sectional area of the discharge channel, and the function can be expressed as:
where v refers to the gas flow velocity in the discharge channel, Q represents the gas flow rate (the unit is with liter per minute: LPM. The flow rate of volatilization from formaldehyde solution is very small (less than 0.1% compared to the gas volume flow), which can be completely ignored), and A c is the cross-sectional area of the discharge channel where η is the degradation rate of formaldehyde-containing gas, and c 0 and c 1 are the concentrations of the initial and treated formaldehyde-containing gas, respectively. In order to evaluate the efficiency of the DBD reactor in both of removing formaldehyde and generating O 3 and NO 2 , the EER (E er ) with the unit of grams per kilowatt-hour (g kWh ) are calculated for different physical regulation parameters as
where Δm is the mass change of the gaseous substances (CH 2 O, O 3 , and NO 2 ) treated by DBD cell, V is the gas volume in the discharge channel, t is the intention time of the gas in the discharge channel, and E t is the consumed total energy of DBD cell. We can find that V = Qt, E t = P in t (Q represents the gas flow rate, and P in refers to the consumed power of DBD cell). So, we can get a new formula for E er as
In this study, the best control parameters of both the oxides generation and the formaldehyde removal can be evaluated by equations (1) and (2).
Results and discussion
Photoelectric characteristics
The electrical behavior of the DBD has been characterized by measuring the applied voltage and discharge current. shows the waveforms of both applied voltage and current loaded on the DBD cell in a working period (about 135.4 μs, corresponding to 7.4 kHz), and the multiple micro-discharge waveforms exist on the discharge current curve, which is a typical characteristic of DBD.
In order to observe the relative intensity of spectral lines from DBD cell working in air and in waste gases containing formaldehyde, the optical emission spectroscopy (OES) has been used to examine the spectra from discharge region. The input power of high voltage source is 13.1 W, the applied voltage is 24.0 kV, and the applied frequency is 7.4 kHz, respectively. Figure 3 shows the comparison of emission spectra intensities from DBD cell working with formaldehyde and without formaldehyde. The OH spectra band (282.0 nm, and 309-318 nm for A 2 Σ → X 2 Π) is observed [40] [41] [42] . Two lines of O· spectra are presented, which are the ionized oxygen atoms (O + ) for 3p( 4 S 0 ) → 3 s( 4 P) with 372.3 and 375.1 nm [43] . It clearly indicates that the emission of the second positive system of the nitrogen molecule N 2 (C 3 П v -B 3 П g , including 337.1, 352.1, and 357.7 nm) are the main contributors in the spectra [40] [41] [42] 44] . Also, the weakly NO spectra band (200-290, and 297.5 nm) is observed from discharge region [41, 42] .
The main reactions of this DBD system include electron impact, photolysis and secondary reaction. The electron mean energy is about 1-10 eV in the DBD plasma [45, 46] . The main reactions would be happened by electron impact with T e in different electron-volts as following [45, [47] [48] [49] : Figure 2 . Waveforms of applied voltage and current loaded on DBD cell. (a) The waveforms of during a power modulation period; (b) the waveforms of during an applied power period (it is a part of figure 2(a) ). On the other hand, with radiation of high intense UV in DBD cell, the main photolysis reactions are expressed as follows [48, 51- 
With the OES, series of spectra have been observed in the DBD channel, which is from active species such as OH·, O· and NO.
Moreover, we have observed that the relative intensities of spectra from DBD cell are more strength under without formaldehyde than the one with formaldehyde. This can be explained by two paths as following. On the one hand, some reactions have been occurring between the reactive species (such as OH·, O·, NO and O 3 ) and formaldehyde molecules, and the total amount of the active ingredient has been decreased by this process. Hence, the relative spectral intensities have been decreased by the waste gas containing formaldehyde. On the other hand, some photons from the discharge region have been absorbed by formaldehyde molecules and the relative intensities decreased.
In the decomposition process of formaldehyde removal, the compositions including OH·, O·, O 3 , and O 2 are the main reactive species, and the degradation of formaldehyde is indirectly affected by the consumption of O 3 reacted with NO. The main reaction paths are as following [54] [55] [56] [57] [58] 
Additionally, according to the Einstein-Plank law for the photon energy formula, the molar photon energy is defined as following [59] [60] [61] :
where N A , h, and c are the Avogadro constant, the Planck constant, and the speed of light in vacuum, respectively. λ represents the spectral wavelength. The bond-dissociation energies for one of the C-H and C=O bonds of formaldehyde are about 410 kJ mol −1 and 732 kJ mol −1 , and the spectral wavelengths according to the photolysis energy are less than 302 nm and 163 nm, respectively. It is weak that the relative spectral intensity is below 302 nm in this study (see figure 3) .
However, formaldehyde would be dissociated by the formulas (19) and (20), although the possibility of the photochemical reactions can be partially demonstrated by the Einstein-Plank law (equation (27)), because of the shorter wavelengths will reduce the activation energy of the reaction, the reaction rate would be increased exponentially with the decreasing of the activation energy.
Dependence on gas flow velocity
Here we consider the effect of gas flow velocity, which is an important parameter in waste gases treatment. Hence, the formaldehyde removal and oxides yield in DBD cell need to be examined under different gas flow velocities. We have examined the concentrations of NO x , NO 2 , and NO on the outlet of the exhaust pipe under different gas flow velocities. There are a large amount of NO x and NO 2 , but no existence of NO. The reason of non NO was detected, which can be explained as the relatively concentration of NO is low in the discharge region (see figure 3 , the spectrum line from NO is very weak). With both of in the discharge region and on the exhaust port of the reactor, NO is quickly consumed by the high level concentration of O 3 (see formula (13)). So, it is difficult to detect NO. Figure 4 shows the detected concentrations of both NO x and NO 2 . The experimental results show that the concentration value of NO x is about two times of NO 2 . Since we are currently unable to confirm the specific composition and dose of NO x , and the molar mass of NO x is unable to determine, thus the EER of NO x is unable to be calculated by equation (3) . Hence, we selected NO 2 as a reference of NO x to investigate the regulation characteristics of DBD cell.
Further, we examined the regulations of both the formaldehyde removal and oxides (O 3 and NO 2 ) generation. With the conditions are 13.1 W for applied power, 24.0 kV for applied voltage, 7.4 kHz for repetition rate, and 12.29 mg m −3 for initial concentration of gas containing formaldehyde, respectively. Figure 5 shows the regulations of both the formaldehyde removal and oxides generation with different gas flow velocities in DBD channel. Figure 5 (a) shows the formaldehyde removal versus the gas flow velocity. The degradation efficiency of formaldehyde decreases continuously with increasing the gas flow velocity from 2.08 to 4.17 m s −1 , and the EER of formaldehyde removal presents to the normal distribution function. With the gas flow velocity from 2.50 to 3.33 m s −1 , the EER for formaldehyde removal has the maximum value. This phenomenon can be explained by the gas flow velocities influences the total amount of processed formaldehyde. When the waste gas of containing formaldehyde pass through the DBD channel with low velocity, the gas flow needs more time to stay in DBD channel, and it can be more fully treated by discharge plasma. However, when the gas flow pass through the DBD channel with high velocity, it has the opposite cases.
On the other hand, the yields of the reactive species would be affected by the gas flow velocity, which influences the removal efficiency of formaldehyde. Hence, there is a best efficiency and EER of formaldehyde removal, when the gas flow velocity is in a suitable range. It does not contribute more efficiency and EER of formaldehyde removal, when the values of gas flow velocity are too large or small.
Moreover, the generations of both ozone and nitrogen dioxide rely on the gas flow velocity in DBD channel are illustrated in figures 5(b) and (c), respectively. The results show that the values of both the concentrations and yields of both O 3 and NO 2 are lower with formaldehyde gas flow injecting DBD channel than the one without formaldehyde. Further, the concentrations and yields of oxides can be regulated by the gas flow velocity. The yielded concentrations of both NO 2 and O 3 decrease monotonously with increasing gas flow velocity. The maximum values of EERs of both NO 2 and O 3 yields appear on the gas flow velocity from 2.08 m s , respectively. This phenomenon may be related to the rate of both forward reactions for generating O 3 and NO 2 (see equations (12) , and (13)) and reverse reactions for consuming O 3 and decomposing NO 2 (see equations (16)- (18)). The reactions between O 3 and NO can be consumed the generated O 3 by formula (26) . Anyway, the retention time of the flowing gas in DBD channel decreased with increasing the gas velocity, and the amount of both the generated and consumed O 3 increased with increasing the gas retention time. Further, the removal reaction between O 3 and formaldehyde would be fully occurred with low gas velocity (less about 3.0 m s −1 ), and the total mass of both the removed formaldehyde and generated oxides would be increased with increasing the gas flow velocity. Hence, the EERs of both the removed formaldehyde and generated oxides increased with increasing the gas flow velocity.
However, when the gas flow velocity is higher (exceeded 3.0 m s −1 ), the formaldehyde, generated O 3 and NO 2 in discharge region would be exhausted before the fully reactions. The total mass of both the removed formaldehyde and generated oxides would be decreased with increasing the gas flow velocity. Hence, it cannot contribute more EERs of both formaldehyde removal and oxides generation with too large gas flow velocity (exceeded 3.0 m s −1 ). Figure 6 presents initial concentration effect on the formaldehyde removal and oxides generation. We can observe in figure 6 (a) that with increasing the initial concentration of formaldehyde of the gas flow in DBD channel, the degradation efficiency of formaldehyde decreased significantly, and the concentrations of both O 3 and NO 2 have a little drop. Moreover, figure 6(b) shows that the EERs of oxides generation and formaldehyde removal. When the initial formaldehyde concentration of the gas flow in DBD channel is increased from 9.75 to 20.59 mg m −3 , the EERs of oxides generation (including O 3 and NO 2 ) decrease slightly, and the EER of formaldehyde removal increase firstly and dropped subsequently. Additionally, the maximum value of the EER of formaldehyde removal appears on the concentration of formaldehyde between 12.00 and 14.00 mg m −3 . The dependences on both formaldehyde removal and oxides generation with initial concentration of formaldehyde of the gas flow in DBD channel can be explained by the law of mass action [62] [63] [64] , and the reaction rate explains as r k A B , 28
Dependence on initial concentration of formaldehyde
where, r is the chemical reaction rate, k is the rate constant of reaction (also, it is called reaction rate coefficient, and it is a physical quantity with independent of the concentration of , the degradation efficiency of formaldehyde decreased with increasing the concentration of formaldehyde in DBD channel.
Dependences on applied voltage and power density
The characteristics of both the oxides generation and formaldehyde removal would be regulated by electrical parameters including applied voltage and power density loaded on DBD reactor, the results are shown in figures 7 and 8. As increasing the applied power density from 220.6 to 591.2 W l −1 (corresponding the applied power from 7.5 to 20.1 W injected into the volume of DBD channel as 3.4 × 10 −2 l), figure 7(a) shows the same trend between the oxides generation and formaldehyde removal, which similarly increased with increasing the applied power density in the range from 220.6 to 305.9 W l −1 , and decreased with increasing the power density from 305.9 to 591.2 W l −1 . Moreover, figure 7(b) shows the maximum EERs of both formaldehyde removal and oxides generation appeared in the range from 273.5 to 400.0 W l −1 . However, the thermodynamic temperature in the DBD channel increases less than 5.0°C with increasing the applied power density from 220.6 to 591.2 W l −1 . So, the heat generation leading to EERs decreasing could not be a key consideration. From another point of view, when the discharge stops after the applied pulse stopped, the plasma state has a decay time with about 10-50 μs [65] , the reactive species (OH·, and O·) after discharge has a lifetime with the range of nanoseconds to milliseconds [66] , and the produced reactive species can react with formaldehyde molecules by this process. Hence, the results of figure 7 can be explained by the relationships between the yield of reactive species and applied power density loaded on DBD reactor. With increasing applied power density from 220.6 to 305.9 W l −1 , the period number of applied voltage during a power modulation period increased (see figure 2(a) ), and the amount of both reactive species yield and formaldehyde removal also increase. So, the degradation efficiency of formaldehyde increase with the increasing applied power density. Anyway, with too much applied power density (exceeding 305.9 W l −1 ), the EERs of both the formaldehyde removal and oxides yield decrease with the increasing applied power density. This can be explained as two reasons. First is related to the relaxation processes. As we know, there is an excitation and relaxation processes of discharge plasma [39, 67, 68] , and it has a relaxation process of the generated reactive species (OH·, O·, and O 3 ) reacted with the molecules of formaldehyde. During a power modulation period, the time lag of relaxation process from discharge state to non-discharge state decreased with increasing applied power density, some reactive species have been exhausted from DBD channel before it fully reacted with formaldehyde. The second reason is that the applied power density influenced the yield of O 3 in DBD channel. The rate of the photolysis reaction for O 3 and NO 2 (see equations (16)- (18)) would be increased with increasing the applied power density, and this process increased the decomposition and consumption of O 3 (whatever, the yield of O 3 in figure 6 declined significantly with increasing the applied power density exceeding 305.9 W l −1 ). Hence, the EERs of both oxides yield and formaldehyde removal decrease with the increasing applied power density of too large values (exceeding 25 kV). Figure 8 shows that the values of both the formaldehyde removal and oxides generation increased with increasing applied voltage of DBD reactor. This can be explained that when the applied power density is a constant, the electric field strength in discharge gap has been enhanced by increasing the applied voltage. Moreover, the electron density and reaction rate of the electron impact (see equations (5)- (7)) can be enhanced, and more oxides can be generated by increased electric field strength. Hence, the formaldehyde removal and oxides generation can be enhanced by increasing the applied voltage.
Conclusion
In this paper, the characteristics of both the oxides yield and formaldehyde removal are investigated by a volume DBD channel, and some regulation features have been discovered. The relative intensities of UV from DBD cell working in air with formaldehyde are stronger than those without formaldehyde. The EERs of both formaldehyde removal and oxides yield of DBD cell increase with increasing the gas flow velocity less than 2.50 m s −1 , rapidly declined with increasing the one exceeding 3.00 m s −1 , and the best values of gas flow velocity for all EERs appear in the range from 2.50 to 3.00 m s −1 . Moreover, with increasing the formaldehyde concentration of gas flow, the EERs of both O 3 and NO 2 decrease, and the EER of formaldehyde removal increase firstly and decreased subsequently (there is a well value on about 13.0 mg m −3 ). Additionally, the formaldehyde removal and oxides yield are influenced by both of the applied power density and voltage of DBD cell. The EERs of both the oxides yield and formaldehyde removal increase with increasing the applied voltage, also those increase with increasing applied power density less than 305.9 W l −1 , and decrease with increasing applied power density exceeding 305.9 W l −1 . Therefore, this study provides a reference for the generation of O 3 and NO 2 in discharge process waste gas by using DBD.
